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Abstract 
 
Although tropical  environments are often  considered biodiversity hotspots, it 
is precisely  in such  environments where least is known about  the  factors that 
drive  species  richness. Here,  we  use  phylogenetic comparative analyses   to 
study   correlates  of  species  richness   for  the   largest  Neotropical amphibian 
radiation: New World  direct-developing frogs. Clade-age  and  species richness 
were  nonsignficantly, negatively correlated, suggesting  that  clade  age  alone 
does not  explain  among-clade variation in species richness. A combination of 
ecological  and  morphological traits  explained 65%  of the  variance in species 
richness. A more vascularized ventral skin, the ability to colonize  high-altitude 
ranges,  encompassing a large  variety  of vegetation types,  correlated  signifi- 
cantly   with   species   richness,  whereas  larger   body   size   was   marginally 
correlated with  species  richness. Hence,  whereas high-altitude ranges  play  a 
role in shaping clade diversity  in the  Neotropics, intrinsic factors,  such  as skin 
structures and possibly body size, might  ultimately determine which  clades are 
more  speciose  than others. 
 
 
 
 
 
Background 
 
Evolutionary biologists have long been aware  that species 
differ in their  probabilities of diversifying  or becoming 
extinct   (Darwin, 1859)   and  that   these   differences are 
responsible for both  the  variation in  the  spatial  pattern 
of species diversity  (MacArthur & Wilson,  1967)  and  the 
disparate number of species  across  branches of the  tree 
of life (Eldredge  & Gould,  1972).  However, evolutionary 
biologists  still struggle  to  identify  the  mechanisms that 
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determine species diversity,  as well as their  relative 
importance. This is especially  evident in the tropics 
(reviewed in Moritz  et al., 2000;  Mittelbach et al., 2007), 
the most speciose environment but where least is known 
about  the  factors that  influence among-clade differences 
in   diversity.    Identifying  the   mechanisms  that    have 
shaped species richness  within highly  diverse  tropical 
environments will undoubtedly increase  our understand- 
ing of worldwide patterns of species  diversity  (Wiens  & 
Donoghue, 2004;  Wollenberg et al., 2008;  Vences  et al., 
2009).  Moreover, present levels of extinction risk for 
tropical  species  (e.g.  Stuart et al., 2004)  give  a sense  of 
urgency to studies  aiming  to expand current understand- 
ing of factors influencing speciation in these  areas. 
Differences  among  clades in the probability of diver- 
sifying are the result  of a combination of contingent 
historical  circumstances and  intrinsic properties (Moore 
&  Donoghue,  2007).   On   the   one   hand,  it  has   been 
suggested  that  clade diversity  largely  depends on extrin- 
sic historical  factors influencing species ranges,  such as 
episodes   of  climatic   and   habitat  changes  or  orogeny 
   
 
 
 
  
 
 
 
 
(Ricklefs, 2003),  as well as contingencies of the  origin  of 
the  clade,  such  as  latitudinal position   (Ricklefs,  2006; 
Wiens,   2007;   Svenning  et al.,  2008).   As  an  example, 
Smith  et al. (2007)  suggested  that  mid-altitude distribu- 
tion ranges  and early colonization of such areas enhance 
diversification of tree  frogs, whereas Wiens  et al. (2007) 
found  that  early colonization of mid-elevation habitats 
explain  species  richness  patterns in  salamanders.  Kozak 
& Wiens  (2007)  found  latitudinal differences in the 
altitudinal and  climatic  overlap  of sister species, suggest- 
ing  that  climatic  divergence along  elevational gradients 
may increase  opportunities for speciation and promote 
diversification in  salamanders. On  the  other hand, 
intrinsic characteristics of the  species may  constitute 
potential key innovations (reviewed by Heard  & Hauser, 
1995).  Body  size (Purvis  et al., 2003),  dispersal  capabil- 
ities (Phillimore et al., 2006;  Moore  & Donoghue, 2007), 
feeding   generalization  (Phillimore  et al.,  2006)   or  a 
combination of life-history traits  (Isaac et al., 2005)  have 
been  found  to be associated  with  species richness. Hence, 
extrinsic factors  may  provide  the  opportunity for diver- 
sification,   whereas intrinsic species  characteristics may 
determine whether such  opportunities lead to moderate 
or explosive  diversifications, extinction, or evolutionary 
stasis. 
Rate  of  diversification has  become   a  very  important 
and  widely  used  metric  in macroevolutionary and  mac- 
roecological  studies (see Rabosky, 2009a,b). However, 
recently the  interpretation of estimates of rate  of diver- 
sification,  under certain circumstances, has  been  ques- 
tioned  (Rabosky,  2009a,b). The critique centres on what 
has  been  suggested  to  be  an  underlying  assumption  of 
the  distinct  methods used  to  estimate rates  of diversifi- 
cation,   which   is  that   species   diversity   increases   un- 
bounded through time  (see Rabosky,  2009a). It has been 
suggested  that  when the  underlying assumption of rates 
of diversification estimators is violated, rates  might  not 
be accurately estimated affecting the interpretation of the 
results   (Rabosky,   2009a,b). Under  such  circumstances, 
the focus of the study might  need to be shifted away from 
factors influencing rates of diversification to factors 
influencing among-clade differences in species  richness, 
if clade-age is not  related  to  species  richness  (Rabosky, 
2009a,b). On the other hand, a possible influence of time 
on  species  richness   might  need   to  be  accounted for  if 
there is a relationship between clade age and  species 
richness. 
Here,  we  use  phylogenetic  comparative  analyses   to 
study  correlates of species  richness  for the  largest 
Neotropical amphibian radiation: New  World  direct- 
developing frogs. Identifying correlates of species  diver- 
sity is an  important first step  towards understanding 
patterns of diversification in the tropics. Modern com- 
parative methods are particularly useful  for studying the 
factors associated  with  differences in species richness 
because  they  can incorporate information based  on 
intrinsic species  characteristics as  well  as  properties  of 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  1  Phylogenetic relationships and  species diversity  for the  26 
clades used  in this study  (modified from  Hedges et al., 2008;  see 
Methods for more  details  about  the  tree).  (Note:  a colour  version 
of this figure  is available  from  Wiley Online  Library.) 
 
the  environment in which  they  are found, all the  while 
correcting for statistical  nonindependence of data  points 
because  of phylogenetic relatedness (Felsenstein, 1985; 
Freckleton et al., 2002). 
Terrarana, or New World direct-developing frogs, is an 
excellent example of extreme tropical  species  diversity. 
The clade Terrarana contains circa 900 species, which 
represent nearly   1 ⁄ 3  of all  New  World  Tropics  anuran 
species   and   nearly   1 ⁄ 6  of  described   anuran   species 
worldwide (Hedges et al., 2008).  The pattern of species 
richness  among  clades  within Terrarana is striking.  The 
most  recent phylogenetic hypothesis includes  26 clades 
ranked at the  generic  and  subgeneric level,  whose 
diversity  varies from 1 to circa 380 species (Fig. 1; Hedges 
et al.,  2008).   For  example, the  South American genus 
   
 
 
 
Pristimantis,  with  around 380 morphologically disparate 
species,  constitutes one  of  the  largest  terrestrial verte- 
brate  radiations reported to  date  (Heinicke et al., 2007; 
Hedges et al., 2008).  Moreover, the members of this clade 
are   important  components  of  many   Neotropical wet 
forests both  in diversity  and in abundance (Lynch  & 
Duellman, 1997; Hedges et al., 2008).  In the West Indies, 
terraranans compose  ca. 84%  of the  amphibian diversity 
(Hedges, 1999).  Terraranans also present a very wide 
distributional range,  spanning from the  southern USA to 
northern  Argentina, along  a  broad  variety   of  habitats, 
from  the  cold paramos of the  Andes  at  4500  m.a.s.l.  to 
Caribbean  coastal  forests  (Hedges  et al.,  2008).   Unlike 
most amphibian species, which  depend on water  for 
reproduction  (Vences    &  Ko¨ hler,    2008),    terraranans 
undergo direct  development without an aquatic larval 
phase  (Duellman & Trueb, 1994),  which  allows species in 
this  clade  to live and  reproduce in almost  any  environ- 
ment given  some  moisture. Previously, the  evolutionary 
history  of this clade was poorly  known. However, recent 
taxonomic  and   phylogenetic  efforts   have   greatly   im- 
proved  our  knowledge of the  relationships among  major 
clades  within Terrarana (Crawford & Smith,  2005;  Frost 
et al., 2006;  Hedges  et al., 2008;  Heinicke   et al., 2009). 
Such  recent developments in combination with  existing 
data  on  phenotypic characters, distribution and  habitat 
use  provide  an  unprecedented opportunity to study  the 
factors influencing clade diversity  within this species-rich 
tropical  clade. 
The prevailing models  to explain  differences in clade 
diversity  in Terrarana allocate  a predominant role to 
extrinsic  factors,   including  the   Andean orogeny, the 
geological   history   of  Middle   America   and   Quaternary 
refugia    (Lynch,    1986;    Lynch    &   Duellman,   1997; 
Crawford & Smith,  2005; Heinicke et al., 2007). However, 
such  models  alone  cannot explain  differences in species 
richness   between  clades  of  similar   age,  distributed in 
similar  areas.  Our  aim  here  is to  identify  intrinsic and 
extrinsic factors associated  with  species richness  among 
Terrarana clades. We use a mixed  dataset combining 
intrinsic species  characteristics (such  as body  size, body 
shape,  ventral and  dorsal  skin  characteristics, and  mor- 
phological  adaptations to arboreal or terrestrial habitats), 
as well as extrinsic variables  (such  as microhabitat, range 
size, altitude and latitude). We applied  phylogenetic 
comparative  methods  to  analyse   rate   of  cladogenesis 
and  to identify  correlates of species richness  of Terrarana 
using  the  most recent and  most  complete available 
phylogenetic and  taxonomic information (Hedges  et al., 
2008). 
 
 
Methods 
 
Phylogeny 
 
We   used   the   most   complete  (in   terms   of  character 
and  taxon sampling) published molecular phylogeny of 
Terrarana (Hedges  et al., 2008)  for  our  analyses. Other 
studies  deal with  particular clades within Terrarana 
(Crawford & Smith,  2005;  Padial  et al., 2008,  2009)  or 
focus  on  more  general phylogenetic relationships (Frost 
et al., 2006).  The phylogeny of Hedges et al. (2008)  covers 
roughly 40% of ca. 900 species of Terrarana, and 26 of 32 
generic  and subgeneric taxa (the  six missing supraspecific 
taxa  together account for  only  16  species  – for  which, 
there are no pertinent molecular data  available). For the 
present study,  we  selected  the  best-supported tree  from 
Hedges  et al. (2008):  a maximum  likelihood phylogeny 
(ML tree)  of 80 species based  on 3709  base pairs (bp)  of 
mitochondrial and  nuclear DNA sequences, containing 
26  nonoverlapping  clades  corresponding  to  the   main 
genera and   subgenera of  Terrarana (Fig. 1).  We  used 
these  26 clades as our comparative units  because  they  are 
the  ones  for which  most  phenotypic and  natural history 
information was  available, hence allowing  us  to  maxi- 
mize the number of characters included in our study. 
Species richness, the  variable  of interest, was assigned  to 
each clade based on the taxonomy of Hedges et al. (2008) 
(Fig. 1, see also Table S2). 
 
 
Divergence  times 
 
We  used  the  80  species,  3709  bp  matrix from  Hedges 
et al. (2008)  to estimate divergence times  for the  26 taxa 
of  interest  in  BEAST (Drummond  & Rambaut,  2007) 
under a GTR + I + G substitution model.  We applied  the 
same  four  callibration points  as those  used  by Heinicke 
et al. (2007)  in their  study:  one in the outgroup (the  split 
between Agalychnis  callidryas   and  Litoria caerulea)  and 
three in  the  ingroup. We  ran  the  markov chain  for 30 
million  iterations sampling  every  1000  iterations with  a 
burnin of 10%.  We used a constant-rate Yule (speciation 
process)  prior  on  the  topology, a  log-normal, uncorre- 
lated  relaxed   clock  prior  for  the  substitution rate  and 
uniform priors  for the  four  callibration points.  Conver- 
gence  of the  markov chain  was verified  in T R A C E R   v.1.5 
(Rambaut & Drummond, 2007),  and the effective sample 
size of all parameters was  well  above  200.  To maintain 
uniformity with  the published phylogeny of Hedges et al. 
(2008), we used this topology  for annotation of node ages 
(see Table S2 for the  list of estimated divergence times). 
 
 
Variables 
 
We compiled  a set of morphological and  environmental 
variables   from  Hedges  et al. (2008)   for  all  clades  (see 
Table S1). Generic  and  subgeneric clades  of Terrarana 
usually  show  distinct  morphological characters or  com- 
binations of them (e.g.  related  to  skin  texture and  foot 
structures), and  characters usually  used  by taxonomists 
may turn out to be adaptive (Hunter, 1998). We expected 
that  some of the characters considered in our study might 
be adaptive characters that  potentially increase  species 
richness, either  by  favoring   invasion of  new   adaptive 
  
  
 
 
 
zones,  by enhancing ecological  opportunity, by increas- 
ing fitness,  or by promoting reproductive or ecological 
specialization (Heard  & Hauser,  1995).  The independent 
explanatory variables  included were  relative  length of 
fingers   and   relative   length  of  toes,   presence  of  disc 
structures and  plantar tubercles, ventral and  dorsal  skin 
characteristics, body  shape,  body  size (maximum, min- 
imum and  size disparity,  see Appendix S1 for details),  as 
intrinsic variables, and  microhabitat, maximum altitude, 
vegetation type  diversity,   latitude of distribution range 
and distributional range  area,  as extrinsic variables. 
However, we  are  aware  that  it is sometimes difficult  to 
separate intrinsic and  extrinsic variables. For  example, 
the  ecological  gradient along which  a clade is distributed 
can  be  considered an  extrinsic factor  promoting higher 
chances for allopatric speciation or as an intrinsic factor, 
relating  to   breadth  of  physiological  tolerance.  For  a 
detailed description of variables, rationale of variable 
choice  and  coding  strategy, see Supporting Information. 
 
 
Comparative analyses  of the correlates  of diversity 
 
As mentioned in the  introduction, it has been  suggested 
that   analyses   of  the   correlates  of  diversification rate 
assume  that  species number within clades increases 
unbounded through time  (Rabosky,   2009a,b). If there 
is no  relationship between species  richness  and  rate  of 
diversification, the  interpretation of rates  of diversifica- 
tion   has   been   called   into   question  and   it  has   been 
suggested  that  the  focus  should  turn to  comparisons  of 
clade richness  (Rabosky,  2009a,b). As previous studies  of 
correlates of species richness  among  clades and regions 
estimated rates  of diversification, we  were  interested in 
comparing the  results  of both  metrics,   also  the  results 
could  serve  as a guideline for  researchers interested in 
analysing patterns of species richness  among  clades. 
First, we analysed the  relationship between the  num- 
ber  of species  within each  clade  (log-transformed) and 
the age of the  clade (based  on the stem age of the group, 
as crown  ages could not be accurately estimated for some 
clades because  of incomplete species coverage). If species 
richness   within  clades   increases   unbounded  through 
time,   then  we   could   expect   a   positive   relationship 
between clade  age  and  species  richness. We  then 
proceded to calculate two variables, total clade diversi- 
fication  and rate of diversification, to compare the results 
between  these   two   metrics   and   how   these   might   be 
influenced if the underlying assumption of rate of 
diversification is violated. We calculated total clade 
diversification (W),  as  the  log  of  species  richness 
(Rabosky,   2009b). The  net  rate  of diversification for  a 
clade given  its age was estimated first assuming neglige- 
able extinction (Isaac et al., 2003; Phillimore et al., 2006) 
and  second,  based on the  method-of-moments estimator 
of  stem  groups  (Magallo´ n  & Sanderson, 2001),   which 
explicitly  incorporates non-neglieable extinction in  the 
estimate of diversification rate.  To test  the  robustness of 
results  based  on  the  method-of-moments estimator to 
uncertainty  in  the   estimate  of  extinction,  we  used   a 
range   of  estimates  of  relative   diversity   (species   rich- 
ness ⁄ extinction: s = 0.00, 0.45, 0.90).  Because the results 
did   not   vary   if  the   analyses   were   undertaken  with 
different estimates of  epsilon,   we  only  present results 
based   on  s = 0.45   (see  Table S3).  Note  that   a  recent 
simulation study   showed that   diversification rate  esti- 
mates  are not particularly sensitive  to phylogenetic errors 
either in estimates of clade age or in topology  (Wertheim 
& Sanderson, 2011).  Finally,  we tested  whether the  two 
estimates of rates  of diversification were  correlated with 
species  richness, because  if species  richness  is correlated 
with diversification rate estimates, then such rates should 
be   relevant  for   explaining  species   richness    patterns 
among  clades (Kozak  & Wiens,  2010). 
We used phylogenetic generalized least squares  (PGLS) 
multiple  regression  analyses   to   identify   correlates  of 
species  richness  and  diversification rate  (Martins & 
Hansen, 1997;  Phillimore et al.,  2006).   PGLS models 
account for  shared evolutionary history   of  clades,  and 
thus  nonindependence of data  points,  by incorporating 
an estimate of the  covariance of residuals  resulting from 
shared ancestry in  the  error  term  (Martins & Hansen, 
1997).  The models  also include the k parameter whose 
maximum likelihood estimate corresponds to the  trans- 
formation of the variance-covariance matrix of the linear 
model   that    best   fits   a   Brownian  motion  model   of 
evolution (Freckleton et al., 2002). 
Bivariate  preliminary PGLS analyses  showed that  the 
following   pairs   of  variables   were   correlated:  relative 
length  of   fingers   and   relative    length  of   toes,   the 
logarithm of maximum altitude and vegetation type 
diversity,  and body shape  and microhabitat. To avoid 
multicolinearity, we combined each pair of correlated 
variables  into a single component using phylogenetic 
principal components analysis  (PPCA; Revell, 2009). 
Hence,  relative  length of fingers  and  relative  length  of 
toes  were  combined into  a single  variable, digit  length. 
Vegetation type diversity  and maximum altitude were 
combined into the variable  vegetation – altitude. Body 
shape  and  microhabitat were  combined into  the  variable 
microhabitat – shape.  Note  that  maximum altitude and 
vegetation type  diversity  were  significantly negatively 
correlated with  the new  variable  vegetation – altitude, 
whereas all  other variables   presented positive  correla- 
tions  with  their  respective principal component. We also 
used  PPCA to  combine ventral and  dorsal  skin  charac- 
teristics  into  a single  component, skin  texture. The first 
component was  strongly   negatively correlated with 
ventral skin and  positively  correlated, although less 
strongly, with  dorsal  skin.  We  thus  included a total  of 
nine   explanatory  variables   in  the   multiple  regression 
models  (Table 1). 
We used a backward stepwise  elimination procedure to 
determine the  minimal adequate model.  Nonsignificant 
variables  were  removed in a stepwise  fashion, choosing 
   
 
 
 
 
Table 1  Partial  regression coefficients  and  standard errors  (b ± SE), 
values of the statistic (t-value) and their  associated  significance value 
(P), for the  complete multiple regression model  including species 
richness  (W) as the  dependent variable  (see text  for details). 
 
Trait                                       b ± SE                           T-value            P 
 
Intercept )2.692 ± 2.397 )1.12 0.28 
Disc structures )0.498 ± 0.599 )0.83 0.42 
Plantar tubercles )0.501 ± 0.804 )0.624 0.54 
Digit length )0.090 ± 0.227 )0.40 0.70 
Skin texture )0.891 ± 0.279 )2.91 0.01 
Maximum body size 1.937 ± 1.146 1.69 0.11 
Microhabitat – shape 0.894 ± 0.660 1.36 0.20 
Range size 0.601 ± 0.276 1.36 0.20 
Vegetation – altitude )0.741 ± 0.316 )2.34 0.03 
Latitude 0.017 ± 0.026 0.66 0.52 
Variables  presenting a significant  partial  regression coefficient  are 
highlighted in bold. 
 
 
always  the  one  with  the  least  significant  partial  correla- 
tion  coefficient. At every  step, we compared the  reduced 
model  with  the  previous model  by means of the  small- 
sample   version    of   the   Akaike   information  criterion 
(AICc),  to  determine whether model  simplification 
resulted in  a significant  reduction in  the  variance 
explained (Burnham & Anderson, 2002).  For all models, 
diagnostic  plots were  examined to check for normal 
distribution of errors  and  heteroscedasticity. All analyses 
were  performed in R using  PGLS code (Freckleton et al., 
2002)  in the  package  CAIC. 
 
 
Results 
 
Clade-age, species  richness and rates of 
diversification 
 
We found  a nonsignificant negative correlation between 
log-transformed species richness  and the age of the clade 
(PGLS: b = )0.03 ± 0.04,  t24  = )0.88,  P = 0.39;  Fig. 2), 
even  when incorporating phylogenetic information. The 
negative correlation between species richness  and  clade- 
age  suggests  that  contrary to  what  would  be  predicted 
under  unbounded  diversification within  clades,   older 
clades  are  not  more   species-rich than  younger clades. 
The two estimates of rate of diversification (diversification 
rate   and   method-of-moments  estimator)  were   signifi- 
cantly  correlated with  species  richness, even  when cor- 
recting  for  phylogenetic effects  (b = 28.03  ± 1.73,  t24  = 
16.21,    P < 0.0001    and   b = 32.04  ± 2.01,   t24  = 15.92, 
P < 0.0001,  respectively). These results suggest that diver- 
sification  rate  is a relevant metric,  even  if the  suggested 
assumption is violated. High diversification rates in young 
clades may decouple diversification rates from patterns of 
species richness, in any  case the  highly  significant  corre- 
lation  between species richness  and rate of diversification 
suggests  that,   even  if diversification rates  change over 
time,  variation in rates of species accumulation nonethe- 
 
 
 
 
Fig.  2  Correlation between log-transformed species richness 
and clade age for the 26 clades used in this study (phylogenetic 
generalized least squares:  b = )0.03 ± 0.04,  t24  = )0.88, P = 0.39). 
 
less  capture  differences in  species  richness   among   the 
clades studied  (Kozak & Wiens, 2010). 
Furthermore,  the    results    are   generally  the    same 
whether  we   used   clade   species   richness,  net   rate   of 
speciation or the method-of-moments estimator as our 
dependent variable. The only differences with  the  model 
including species richness  were the value of R2 and minor 
quantitative   differences  in   parameter   estimates  (see 
Table 3 and  Table S3).  For brevity  we  only  present the 
results  of the analyses  using total clade diversification (W) 
as our  dependent variable  and  the  results  of the  mini- 
mum model  of the  analyses  using  net  rate  of diversifi- 
cation  as the  dependent variable  (but  see Table S3). 
 
 
Correlates  of species  richness 
 
The complete model  including all independent variables 
(Table 1) explained 71%  of the variance in total clade 
diversification and  was  highly  significant  (F16,26  = 3.69, 
P = 0.01).   The   maximum  likelihood  value   of  the   k 
parameter was 0.0007,  however it was neither signifi- 
cantly    different  from   0   nor   from   1   (v2  = )0.0004, 
P = 0.99,  and  v2  = 1.29,  P = 0.26).  Three  variables  pre- 
sented  significant   partial   regression  coefficients:   skin, 
range  size and vegetation – altitude (note that  as vegeta- 
tion and altitude both  correlated negatively with  the first 
component, the  results  of the  analyses  actually suggest 
that both variables correlate positively with diversification 
rate;   see   Table 1).   The   minimum  adequate  model 
explained 65%  of the variance and was highly  significant 
(F21,26  = 9.64,  P = 0.0001). Four  variables  were  retained 
in the minimum model:  skin, maximum body size, range 
size and  vegetation – altitude; of these,  maximum body 
  
  
 
Intercept )0.10 ± 0.06 )1.69 0.11 
Skin texture )0.01 ± 0.007 )2.12 0.05 
Maximum body size 0.06 ± 0.03 1.99 0.06 
Range size 0.01 ± 0.007 1.84 0.08 
Vegetation – altitude )0.03 ± 0.01 )3.88 0.001 
 
 
 
Table 2  Partial  regression coefficients  and  standard errors 
(b ± SE), values  of the  statistic  (t-value) and  their  associated 
significance  value  (P), for the  minimum adequate model  including 
s pecies richness  (W) as the  dependent variable  (see text  for details).  
Trait b ± SE T-value P 
 
Intercept )2.315 ± 1.705 )1.36 0.19 
Skin texture )0.575 ± 0.203 )2.83 0.01 
Maximum body size 1.660 ± 0.849 1.956 0.06 
Range size 0.347 ± 0.196 1.77 0.09 
Vegetation – altitude )0.759 ± 0.200 )3.80 0.001 
age  differences among   terraranan clades  are  not  suffi- 
cient  to explain  differences in species richness. Different 
factors have  been  put forward to explain  the absence  of a 
relationship between clade age and  species richness. 
First, reduced variation in clade  age among  compared 
groups   might   lead  to  other factors  having   a  stronger 
influence on species richness. However, clade ages in 
Terrarana are  relatively different, varying  from  26.3  to 
51.7  MYA  (see   Table S2).   Note   also  that   simulations 
suggest   that   heterogeneity  among    clades   in   rate   of 
   diversification  is  not   sufficient  to  eliminate a  positive 
Variables  presenting a significant  partial  regression coefficient  are 
highlighted in bold. 
 
Table 3  Partial  regression coefficients  and  standard errors,  values 
of the  statistic  (t-value) and  their  associated  signficance  value  (P), 
for the  minimum adequate model  using  net  rate  of speciation as 
the  dependent variable. The model  explained 64%  of the  variance 
2 
association  between   clade   age   and   species   richness 
(Rabosky,  2009a). 
Second,  a correlated speciation-extinction dynamic, 
whereby clades  with  the  highest net  diversification rate 
tend  to have  higher extinction rates,  might  explain  the 
observed temporal pattern in species richness. Such  a 
positive  speciation-extinction  correlation,  dubbed clade 
in net  rate  of diversification (R = 0.64). ‘volatility’  (Gilinsky,  1994),  has  received support from 
 
Trait b ± SE T-value P paleontological studies   (Stanley, 1979;  Gilinsky,  1994; 
Liow et al., 2008).  The  clade  ‘volatility’  hypothesis pre- 
dicts that  only  younger clades  would  show  high  extant 
species richness because older clades would be pruned 
because  of extinction. The three most  speciose  clades  in 
Terrarana are relatively young  (26.3–30 MYA) as would 
   be  expected under clade  ‘volatility’.  However, a recent 
Variables  presenting a significant  partial  regression coefficient  are 
highlighted in bold. 
 
size and  range  size presented only  marginally significant 
partial  regression coefficients  (Table 2). The maximum 
likelihood k estimate was the  same  as above.  The results 
were  generally the  same  when we used  rate  of diversifi- 
cation  as the dependent variable  (see Table 3). 
To gain  better  understanding of the  influence of skin 
characters, we  analysed ventral and  dorsal  skin  charac- 
ters separately as categorical traits in the phylogenetic 
minimum model.  These  analyses  indicated that  it is the 
aerolate ventral  skin  character that   is  associated   with 
higher total  clade  diversification as it was  this  category, 
which  differed  significantly from the  others  with  respect 
to   total    clade   diversification  (t21  = 2.56;   P = 0.019). 
Dorsal skin,  on  its own,  was not  significantly correlated 
with  total  clade  diversification. Furthermore, when we 
replaced maximum body size with  either minimum body 
size  or   body   size  disparity   in   the   minimum  model, 
neither of the  two later  variables  showed a significant 
correlation  with    clade   richness    (b = )0.590 ± 1.076, 
t21  = )0.55,    P = 0.59    and    b = )0.406 ± 0.384,    t21  = 
)1.06, P = 0.30,  respectively). 
 
 
Discussion 
 
Clade-age, species richness and diversification rates 
 
The  nonsignificant  negative  correlation  between  log- 
transformed species richness  and  clade age suggests  that 
simulation study  suggests that  clade volatility  is unlikely 
to explain  the null  correlation between age and diversity 
observed in higher taxa  (Rabosky,  2009a). More  impor- 
tantly, our  results  show  that  both  ecological  factors  and 
intrinsic species characteristics are significantly associated 
with  species  richness, and  such  variables  explain  a high 
proportion of the  variance in  clade  richness  than clade 
age. Thus, although we cannot discard the possibility that 
extinction  in  older   clades  contributed  to  shape   clade 
richness  in Terrarana (in addition, the fossil record  in 
Terrarana is practically   inexistent), our  results  indicate 
that  additional factors  have  contributed to increase 
diversity  in certain clades. 
Third,   departures  from   an   age-diversity correlation 
could   be  explained  by  ecological   factors   constraining 
species   richness   (McPeek,   2008;   Rabosky,   2009a)   or 
species characteristics influencing rates  of diversification 
(e.g. Purvis et al., 2003; Isaac et al., 2005; Phillimore et al., 
2006).  The ecological limits hypothesis (Rabosky,  2009b) 
predicts   that   species  richness   accumulates during the 
early stages of diversification (or the first stages of a 
radiation) when there is still an  ample  availability of 
unexploited niches.  Once the niche  space has been  filled, 
speciation declines  and speciation-extinction dynamics 
leads clade diversity  to stasis. The negative correlation 
between  species  richness   and   clade  age  in  Terrarana 
could thus  be explained by ecological factors having 
constrained diversification in older  clades. Analyses  of 
diversification patterns  in  molecular phylogenies have 
found  patterns consistent with  ecological  constraints on 
species  richness   (e.g.  Nee  et al., 1992;  Sepkoski,   1998; 
   
 
 
 
Harmon et al., 2003;  Weir,  2006;  Price, 2008;  Phillimore 
&  Price,   2008;   Rabosky   &  Lovette,   2008;   Rabosky, 
2009a). On  the  other hand,  differences between older 
and  younger clades in their  rates of diversification, 
influenced by species  characteristics, could  also  explain 
the  negative age – diversity  correlation. 
Interestingly, even  though the  nonsignificant negative 
clade-age species richness  correlation violates  the 
assumption of unbounded rates  of diversification within 
clades   (Rabosky,   2009a,b),  our   results   are   the   same 
whether we use species richness  or rate of diversification 
as the  dependent variable  (see  Table 3 and  Table S3). It 
is not surprising that  the results  do not differ between 
analyses  undertaken with  total  clade  diversification (W) 
or  rate  of diversification as  these  metrics  were  signifi- 
cantly  and strongly  correlated. Based on these  results,  we 
propose  a rough guidline for the  choice  of an  adequate 
metric  for analyses  of correlates of diversity.  First, test 
whether clade-age and  species richness  are correlated. If 
the  correlation is positive,  we  suggest  the  most  appro- 
priate  metric is rate of diversification as the effect of time- 
for-speciation (e.g. Stephens & Wiens,  2003)  needs  to be 
controlled. If the  correlation between clade-age and 
species   richness   is  negative,  the   correlation between 
species richness  and rates of diversification should  be 
analysed (e.g.  Kozak  & Wiens,  2010).  The  two  metrics 
will probably be correlated in a majority of cases, as 
correcting for clade age will result  in higher rate of 
diversification in younger than older  clades.  If clade 
richness  and  rate  of diversification are indeed correlated, 
choice of the most appropriate metric  will depend on the 
question being  addressed and  knowledge of the  natural 
history  of the  group  under study.  Finally,  if there is no 
relationship between clade-age and  species richness, and 
rates of diversification are uncorrelated (or negatively 
correlated) with  species richness, estimates of rates of 
diversification   could    be   biased    (Rabosky,    2009a,b); 
hence, we suggest the appropriate metric  under such 
circumstances is total  clade diversification. 
 
 
Correlates  of diversification in Terrarana 
 
The phylogenetic multiple regression model  explained a 
high proportion of the variance in species richness 
(Freckleton, 2009).  The minimum adequate model 
including  only   four   independent  variables   explained 
65%  of the  variance in  species  richness  (Table 2).  This 
model  indicates that  Terraranan clades with  the ability to 
colonize  high-altitude ranges  and encompassing different 
vegetation types  are more  speciose than clades restricted 
in altitude and  occupying few vegetation types.  A recent 
study  has  found  that  higher rates  of species  diversifica- 
tion are associated  with  higher rates of climatic-niche 
evolution,  especially   in  the   tropics   (Kozak   &  Wiens, 
2010).  Additionally, an increase  in ventral skin vascu- 
larization was positively  correlated with  species richness. 
Maximum body  size and  range  size are  apparently also 
important explanatory variables  in  the  multiple regres- 
sion  model,  even  though their  partial  regression coeffi- 
cients  were  not  significant. However, other traits,  such 
as latitude or morphological characters associated  with 
arboreal dwelling,  were  not  significantly correlated with 
species richness. 
 
 
Latitude  and range size 
 
The latitudinal position  of clades has been  considered an 
important variable   to  explain   differences in  speciation 
and ⁄ or extinction rates  between tropical  and  temperate 
regions  (e.g. Ricklefs, 2006; Wiens,  2007; Svenning et al., 
2008).  However, we found  no significant  correlation 
between latitude and species richness. Even though 
Terrarana mostly  has  a Neotropical distribution, ranges 
do span from southern USA to northern Argentina, as 
mentioned above  (Hedges et al., 2008).  Previous  support 
for  the   latitudinal  effect  on  diversification hypothesis 
is mixed.  For example, Wiens (2007)  and Moore  & 
Donoghue  (2007)   found   that   diversification rates 
increases  towards low  latitudes in  amphibians and 
Dispsacales   (plants).  On  the   other  hand,  Wiens   et al. 
(2006,  2009)  found  that  both  extinction and  diversifica- 
tion rates were similar in tropical and temperate clades, 
suggesting  that  neither an  acceleration of speciation in 
the tropics nor greater temperate extinction rates explain 
high  tropical  diversity  in hylid and  ranid  frogs. Recently, 
Weir  & Schluter (2007)  found  that  for birds  and  mam- 
mals,  both  speciation and  extinction correlate positively 
with  an increase  in latitude and that  this fast turnover at 
higher latitudes mediates the  latitudinal species gradient 
(but   see  Tobias  et al.,  2008).   An  important artefact   of 
using  the  midpoint of the  latitudinal position  of a clade 
as a proxy  for the  ancestral geographical location is that 
current  distribution, especially   the  midpoint, does  not 
necessarily reflect  past distribution (Losos & Glor, 2003). 
Indeed, some old and poorly  diverse  clades, such as 
Adelophryne,   Holoaden and   Noblella, show   fragmented 
distributions across  large  areas,  which  may  suggest  that 
currently known  species  are   remnants  of  once   more 
diverse  and  broadly  distributed clades. 
Range size has long been considered a factor intimately 
related   to  diversification (MacArthur  & Wilson,  1967) 
and ⁄ or   allopatric  speciation  (Rosenzweig,  1978).   An 
association between range  size and species richness  could 
have   been   expected because   clades  of  Terrarana with 
very different diversity  occupy  areas that  greatly  differ in 
size both  on the continent (Pristimantis in South America 
and Craugastor in Central  America) and in archipelagos 
(Euyhas and   Eleutherodactylus  in  the   Caribbean). In 
addition, the most diverse  clades also occur along 
environmental and  altitudinal gradients, which, coupled 
with  large distribution ranges,  would  increase  the chance 
for vicariance. In  spite  of such  theoretical and  practical 
predictions,  we   did  not   find   a  significant   correlation 
betwen  the   variable   range   size  and   species   richness, 
  
  
 
 
 
although there was a positive tendency (see Fig. S1). This 
probably reflects  the  fact that  the  vast majority of clades 
and  species of Terrarana are  distributed along  mountain 
ranges  in which  a high  turnover of habitats and  changes 
in selective  pressures over  short  distances  occur  because 
of  the   complex orography  and   differences  in  climate 
(Lynch  & Duellman, 1997;  Kozak & Wiens,  2010). 
 
 
Morphological traits  and diversification rates 
 
Species  of Terrarana usually  show  distinct  and  conspic- 
uous  morphological characters or combinations of them 
(Hedges   et al.,  2008;   Duellman  &  Lehr,   2009)   –  e.g. 
related  to skin texture and  finger  and  toe structures, size 
– which  have  been  traditionally used  by taxonomists to 
delimit  species. Such  character differences could,  at least 
theoretically, have  an adaptive origin (Hunter, 1998). 
Indeed, Hedges (1999)  suggested  that  the  morphological 
diversity  of Eleutherodactylus from  Jamaica, and  probably 
also in the Greater  Antilles,  was the result  of an adaptive 
radiation. We therefore expected that  our  results  would 
highlight potential  adaptive characters associated   with 
high  species richness. 
Only  one  morphological trait  was  significantly corre- 
lated  with  species richness, skin characteristics, although 
body size was marginally significantly correlated. Ventral 
skin  presented  a  strong   negative  loading   on  the   first 
principal component of the  skin characteristics PPCA, 
whereas dorsal skin presented a low positive  loading, 
suggesting  that  the  first  component explains  more  var- 
iance in ventral skin. Furthermore, when analysed 
separately, only  ventral skin was significantly correlated 
with  species  richness, and  the  analyses   suggest  that   it 
is a more aerolate ventral skin that  is positively  associated 
with  higher species  richness. This implies  that  the 
association between species richness  and  skin character- 
istics is mostly driven by the presence of an aerolate 
(probably more   vascularized) ventral  skin.  Amphibian 
skin  is involved in  respiration, osmoregulation and 
thermoregulation (Duellman & Trueb,  1994).  Hence, 
variation in skin  structures may  be important for adap- 
tation to different environments. In addition, our  results 
show  an association between species richness  and higher 
vascularization in ventral skin and  altitude (and  vegeta- 
tion  types).  We speculate that  more  vascularized bellies 
might  have  proven advantageous during colonization of 
high  altitude ranges  (potentially reflecting an adaptation 
to lower  atmospheric oxygen  levels)  and  hence increas- 
ing   species   richness.  A   possible   avenue  for   future 
research could  be  to  analyse   the  relationship between 
skin structures and  osmotic  regulation and  respiration in 
high  altitude habitats. 
Body  size may  be involved in  niche  partitioning and 
has   long   been   considered  an   important  variable    to 
explain  differences in species diversity  (Lomolino, 1985; 
Purvis  et al.,  2003;  Pfennig   & Pfennig,   2005;  Moen   & 
Wiens,  2009; but see Adams et al., 2009).  For example, it 
has been  suggested  that  small-bodied species may  diver- 
sify more  than larger  ones  because  they  can  produce a 
more   fine-grained  division   of  niche   space  (Lomolino, 
1985; Purvis et al., 2003).  This is a long-standing hypoth- 
esis that  has  received some  support in  amphibians.  For 
example, Lynch  & Duellman (1997)  reported evidence 
for a correlation between small body size, arboreal habits 
and species richness  in Pristimantis (the clade with highest 
number of Terraranan species).  Duellman (2005)  found 
that  prey  size was  strongly  correlated with  body  size in 
a  tropical   community  and   suggested   that   competitive 
release  by  resource partitioning could  explain  the  high 
local diversity  of frogs in the  Amazon, up to 139 species 
in 6.5 km2 (Bass et al., 2010).  Also, in the Caribbean tree- 
frogs genus  Osteopilus,  prey  size was  strongly  associated 
with  body size, which  suggests that  body-size  divergence 
has facilitated  resource partitioning and diversification of 
these  frogs (Moen & Wiens,  2009).  Also, larger  species 
are  more  resistant to  evaporative water  loss and  better 
able  to  maintain body  heat  (Shoemaker, 1992).  Hence, 
species with  different body sizes might  partition habitats 
based  on  humidity and  ambient temperature, with 
smaller  species being usually  restricted to more  mesic 
habitats, potentially resulting in more  species-rich clades 
presenting larger disparity  in body size. Nonetheless, our 
models  do not support the hypothesis that  clades with 
smaller  species or with  higher disparity  in body size also 
present higher species richness. 
There  was  no  a priori  hypothesis associating higher 
species richness  with  large body  size, which  complicates 
the  explanation for the  pattern at hand. We suggest that 
the   observed pattern  may   be  the   result   of  a  higher 
capacity   of  larger   frogs  to  disperse   and   colonize   new 
habitats because  larger  body  size could  be  adaptive for 
higher  evaporative water   loss  or  low  temperatures in 
high-altitude habitats. Indeed, Hedges (1999)  reported a 
positive  correlation between body  size and  altitude in 
arboreal species of Jamaica and the Greater  Antilles. 
However, when comparing among  Terrara  clades,  max- 
imal body size of a clade was not correlated with  the 
maximum  altitude  at  which   species  in  the   clade  are 
found  (b = )0.00001 ± )0.00003, t24  = )0.42, P = 0.67). 
The ability of species to expand their ranges  seems to play 
an important role in diversification (Moore  & Donoghue, 
2007;  Moyle  et al.,  2009).   For  example, van  Bocxlaer 
et al. (2010)  report  that  the highest diversification rates of 
toads (family Bufonidae) were  coupled with  colonization 
of  new   areas,   and   this   happened  shortly   after   toads 
evolved   traits   facilitating  dispersal,   such   as  increased 
body  size.  Thus,  clades  with  larger  species  might  have 
been  able to disperse  and inhabit areas with  different 
environments and selective  pressures, which  might  have 
led  to  higher species  richness. This  suggestion is  sup- 
ported by the  fact that  preliminary analyses  showed that 
clades with  a higher altitudinal distribution were also 
present in  a diversity  of vegetation types.  On  the  other 
hand, when comparing among  clades, maximal body size 
   
 
 
 
is  not   correlated  with   diversity    of  vegetation  types 
(b = 0.026  ± 0.044,  t24  = 0.60,  P = 0.56). 
 
 
Mountain  gradients  and diversification 
 
Our   finding   that   clade  diversity   is  favoured  by  both 
altitude and  vegetation gradients has important implica- 
tions  for understanding patterns of diversity  both  within 
Terrarana – and  hence most  of the  Neotropical realm  – 
and  for tropical  montane areas  in general. Most  studies 
aiming  to explain  the  origin of montane diversity  can be 
grouped under three basic models. 
Under  the  first model,  diversification occurs  in symp- 
atry or parapatry. Mountain areas produce more diversity 
because  they  create  more  ecological  gradients and  diver- 
gent selection on species-specific  characteristics drives 
lineage   diversification (Endler,  1977;  reviewed  by 
Benton,  2009;   and   Schluter,  2009).   This  model   rests 
on the assumption that  morphologically different sister 
species in sympatry or in adjacent altitudinal belts 
originated through divergence with  gene flow. However, 
it is usually  difficult to discern  whether phenotypic 
divergence originated in allopatry, or if disruptive selec- 
tion  acting  on  ecomorphological traits  produced specia- 
tion (Rundell & Price, 2009).  Although this model cannot 
be discussed  at the taxonomic scale of our study,  it is 
important to note  that  Lynch  & Duellman (1997)  found 
that  many  of the  altitudinally segregated species of 
Pristimantis were  putative sister  taxa  (although without 
a phylogenetic framework). And also Elmer  et al. (2007) 
and Padial & De la Riva (2009)  for Pristimantis, and Hua & 
Wiens (2010), for Eleutherodactylus, reported sister species 
occupying contiguous vegetation types  segregated either 
altitudinal or latitudinally. Those cases constitute good 
candidates to assess the possible contribution of the 
divergence with  gene flow model  to the diversification of 
mountain faunas. 
The   second   model   relies   on   extrinsic  factors   and 
proposes  that  geographical isolation associated  with 
mountain  building   and ⁄ or  recurrent  climatic   changes 
account for most of the diversity  (Graves,  1985; Patton & 
Smith,   1992;  Colinvaux, 1993;  Fjeldsa˚ ,  1994;  Rahbek, 
1997;  Hughes  & Eastwood, 2006;  Weir,  2006;  Cadena 
et al., 2007; Ribas et al., 2007).  However, if only extrinsic 
factors  (vicariance ⁄ dispersal  events) were  at play  in the 
diversification of Terrarana, we  would  expect  (i) groups 
sharing  distribution ranges  and time of origin to have 
approximately the same number of species and (ii) clades 
showing a broad  altitudinal distribution across ecological 
gradients to be highly  diverse.  This is not the case, at least 
for some groups  with  large distribution along broad 
altitudinal gradients that  show  low species richness  (e.g. 
Hypodictyon). This supports the suggestion that  species- 
specific  characteristics determine  how  they  respond to 
the   geographical  drivers   of  diversification  (Crawford 
et al., 2007;  Moyle  et al., 2009).  Indeed, those  particular 
differences are what  give sense  to a third,  mixed  model, 
the one that  has predominated discussions  about  the 
diversification of Terrarana (Lynch  & Duellman, 1997). 
Under  the third  model,  geographical isolation drives 
speciation, but  divergent selection is what  keeps  species 
evolving  along  different trajectories after  secondary 
contact (Lynch,  1986;  Lynch  & Duellman, 1997).  Under 
this model, groups with more capacity to speciate will 
minimize the  effect  of extinction, and  rapidly  diverging 
species will avoid  species fusion  after  secondary contact. 
This  seems  to  be  the  case  of  highly   diverse  groups  of 
Terrarana, favoured by intrinsic characteristic, as impor- 
tant  morphological traits  uncover in this  study  or other 
overlooked traits  favouring the  colonization of high 
altitude habitats and  vegetational belts.  Both  identifying 
historical   factors   promoting  speciation  and   additional 
traits  that  have  allowed  some  groups  to  diversify  more 
than  others   is  an   aspect   that   surely   deserves   future 
research. 
 
 
Conclusions 
 
Younger   clades  of  Terrarana  have   more   species  than 
older  ones,  which  contradicts the  longstanding time  for 
speciation hypothesis for this group.  The pattern may  be 
explained by ecological constraints to diversification in 
older   clades  coupled  with   ongoing   high   speciation in 
younger clades (potentially favoured by higher ecological 
opportunity in  these  young  clades),  without neglecting 
a possible role for extinction. Our results  suggest that 
whereas montane  gradients may  play  a  critical  role  in 
increasing clade diversity  (either by creating geographical 
isolation, different selective  pressures or, most  probably, 
a  combination of  both)   in  the  Neotropics, phenotypic 
traits,  such  as presence of skin  structures and  body  size 
might  be ultimately determining which  clades have  more 
species than others. Our study  highlights the  importance 
of considering both  intrinsic and  extrinsic factors  in the 
search  for causes of differences in species richness  among 
clades.  Future studies  could  consider analysing whether 
body  size and  skin  characteristics represent adaptations 
associated  with  life in high  altitude ranges.  Such  studies 
could   provide   further  support to  the   hypothesis that 
certain speciose Terraranan clades constitute undiscov- 
ered  adaptive radiations. 
 
 
Acknowledgments 
 
John J. Wiens, A. Caballero  and two anonymous review- 
ers provided valuable comments on an earlier  version  of 
the  manuscript. Alberto  Castello´  measured range  size for 
all clades using ArcGis. Blair Hedges, William E. Duellman 
and Janalee P. Caldwell provided pictures for Fig. 1. AGV 
was funded by a Juan de la Cierva  postdoctoral research 
contract from the Spanish Ministry  of Science and 
Innovation, JMP by the EU Marie Curie Mobility and 
Training  Programme (FP7, proposal  220714), and a 
Postdoctoral Kalbfleisch  Fellowship and Gerstner Scholar 
  
  
 
 
 
from the American Museum of Natural  History, and SCF 
by a Universidad de los Andes  postdoctoral research 
contract, a Fulbright ⁄ Ministry  of Education postdoctoral 
research contract, and  by  funds  from  ‘‘Sederholms fo¨ r 
utrikes  resor’’ (Sweden). This work  was partially  funded 
by projects  CGL2010-21250 (CV, Principal  Investigator) 
and  CGL2008-04164 (IDlR, Principal  Investigator) of the 
Ministry  of Science and Innovation and by the ‘Programa 
de   Captacio´ n   del   Conocimiento  para   Andalucı´a’    of 
the Andalusian Government, Spain (CV, Principal  Inves- 
tigator). 
 
 
References 
 
Adams,  D.C., Berns,  C.M., Kozak, K.H. & Wiens,  J.J. 2009.  Are 
rates  of species  diversification correlated with  rates  of mor- 
phological  evolution? Proc. Biol. Sci. 276: 2729–2738. 
Bass, M.S., Finer, M., Jenkins, C.M., Kreft, H., Cisneros-Heredia, 
D.F., McCracken, S.F. et al. 2010.  Global  conservation  signi- 
ficance of Ecuador’s  Yasun ı´ National Park. PLoS ONE 5: e8767. 
Benton, J. 2009.  The Red Queen and  the  Court  Jester:  species 
diversity   and  the  role  of  biotic  and  abiotic  factors  through 
time.  Science 323: 728–732. 
van Bocxlaer,  I., Loader, S.P., Roelants, K., Biju, S.D., Menegon, 
M. & Bossuyt,  F. 2010.  Gradual  adaptation toward a range- 
expansion phenotype initiated the  global  radiation of toads. 
Science 327: 679–682. 
Burnham,  K.P.  &  Anderson,  D.R.  2002.   Model Selection and 
Multimodel Inference: A Practical Information-theoretic  Approach, 
2nd  edn.  Springer-Verlag, New York, NY. 
Cadena, C., Klicka, J. & Ricklefs, R.E. 2007.  Evolutionary 
differentiation in the  Neotropical montane region:  molecular 
phylogenetics and  phylogeography of Buarremon brush- 
finches  (Aves,  Emberizidae). Mol. Phylogenet.  Evol. 44:  993– 
1016. 
Colinvaux, P. 1993. Pleistocene biogeography and diversity  in 
tropical  forests of South America.  In: Biological Relationships 
between Africa and South America (P. Goldblatt, ed.),  pp. 21–56. 
Yale University Press, New Haven,  CT. 
Crawford, A.J. & Smith,  E.E. 2005.  Cenozoic  biogeography and 
evolution in direct-developing frogs of Central  America 
(Leptodactylidae: Eleutherodactylus)  as inferred from  a phylo- 
genetic  analysis  of nuclear and mitochondrial genes.  Mol. 
Phylogenet. Evol. 35: 536–555. 
Crawford, A., Bermingham, E. & Carolina, P. 2007.  The role of 
tropical  dry forest as a long-term barrier  to dispersal:  a 
comparative phylogeographical analysis  of dry forest  tolerant 
and  intolerant frogs. Mol. Ecol. 16: 4789–4807. 
Darwin, C.R. 1859.  On the Origin of Species by Means of Natural 
Selection, or the Preservation of Favoured  Races in the Struggle for 
Life. John Murray, London. 
Drummond,  A.J.   &  Rambaut,  A.   2007.   BEAST:  Bayesian 
evolutionary analysis by sampling  trees. BMC Evol. Biol. 7: 214. 
Duellman, W.E.  2005.  Cusco Amazo´ nico: The Lives of Amphibians 
and Reptiles  in  an Amazonian Rainforest.  Cornell   University 
Press, Ithaca,  NY. 
Duellman, W.E. & Trueb, L. 1994. The Biology of Amphibians.  The 
Johns Hopkins  University Press, Baltimore, MD. 
Duellman, W.E. & Lehr, E. 2009.  Terrestrial-Breeding  Frogs 
(Strabomantidae)  in  Peru. Natur- und   Tier-Verlag,  Naturwis- 
senschaft, Mu¨ nster. 
Eldredge,  N. & Gould,  S.J. 1972.  Punctuated equilibria: an 
alternative to phyletic  gradualism. In: Models in Paleobiology 
(T.J.M.  Schopf,  ed.),  pp. 82–115.  Freeman Cooper,  San 
Francisco. 
Elmer,  K., Da´ vila, J. & Lougheed, S. 2007.  Cryptic diversity  and 
deep divergence in an upper  Amazonian leaflitter frog, 
Eleutherodactylus ockendeni. BMC Evol. Biol. 7: 247. 
Endler,   J.A.  1977.   Geographic  Variation, Speciation,  and Clines. 
Princeton Univ. Press, Princeton. 
Felsenstein, J. 1985.  Phylogenies and  the  comparative method. 
Am. Nat. 125: 1–15. 
Fjeldsa˚ ,  J.  1994.   Geographical patterns  for  relict  and   young 
species  of  birds  in  Africa  and  South America  and  implica- 
tions   for  conservation  priorities. Biodivers.  Conserv. 3:  207– 
226. 
Freckleton, R.P. 2009.  The seven  deadly  sins of comparative 
analysis.  J. Evol. Biol. 22: 1367–1375. 
Freckleton, R.P., Harvey,  P.H. & Pagel,  M.  2002.  Phylogenetic 
analysis  and  comparative data:  a test and  review  of evidence. 
Am. Nat. 160: 712–726. 
Frost, D., Grant,  T., Faivovich,  J., Bain,  R.H., Haas, A., Haddad, 
C.F.B. et al. 2006.  The Amphibian tree  of life. Bull. Am. Mus. 
Nat. Hist. 297: 1–370. 
Gilinsky,  N.L. 1994.  Volatility  and  the  Phanerozoic decline  of 
back-ground extinction intensity. Paleobiology 20: 445–458. 
Graves,   G.R.  1985.   Elevational  correlates  of  speciation and 
intraspecific geographic variation in plumage in Andean forest 
birds. Auk 102: 556–579. 
Harmon,  L.J.,  Schulte,  J.A.,  Larson,   A.  &  Losos,  J.B.  2003. 
Tempo   and   mode   of  evolutionary  radiation  in   Iguanian 
lizards.  Science 301: 961–964. 
Heard,  S.B. & Hauser,  D.L. 1995.  Key evolutionary innovations 
and  their  ecological  mechanisms. Hist. Biol. 10: 151–173. 
Hedges,  S.B. 1999.  Distribution patterns of amphibians in  the 
West  Indies.  In:  Regional Patterns of Amphibian Distribution: A 
Global Perspective  (W.E.  Duellman, ed.),  pp.  211–254.   Johns 
Hopkins  University Press, Baltimore, MD. 
Hedges,  S.B.,  Duellman,  W.E.  &  Heinicke,   M.P.  2008.   New 
World  direct-developing frogs (Anura: Terrarana): molecular 
phylogeny, classification, biogeography, and  conservation. 
Zootaxa 1737:  1–182. 
Heinicke,  M.P., Duellman, W.E. & Hedges, S.B. 2007.  Major 
Caribbean and Central  American frog faunas  originated by 
ancient oceanic dispersal. Proc. Natl. Acad. Sci. USA 104: 10092– 
10097. 
Heinicke,  M.P., Duellman, W.E., Trueb,  L., Means,  B.D., 
MacCulloch, R.D. & Hedges, S.B. 2009.  A new  frog family 
(Anura:  Terrarana) from  South America   and  an  expanded 
direct-developing clade revealed by molecular phylogeny. 
Zootaxa 2211:  1–35. 
Hua, X. & Wiens,  J.J. 2010.  Latitutudinal variation in speciation 
mechanisms in frogs. Evolution 64: 429–443. 
Hughes,    C.   &  Eastwood,  R.   2006.   Island   radiation  on   a 
continental scale:  exceptional  rates   of  plant   diversification 
after uplift of the Andes. Proc. Natl. Acad. Sci. USA 103: 10334– 
10339. 
Hunter, J.P. 1998.  Key innovations and  the  ecology  of macro- 
evolution. Trends Ecol. Evol. 13: 31–36. 
Isaac, N.J.B., Agapow,  P.M., Harvey,  P.H. & Purvis,  A. 2003. 
Phylogenetically nested comparisons for testing  correlates of 
species  richness: a simulation study  of continuous  variables. 
Evolution 57: 18–26. 
   
 
 
 
Isaac,  N.J.,  Jones,   K.E.,  Gittleman,  J.L.  &  Purvis,   A.  2005. 
Correlates  of  species  richness   in  mammals:  body  size,  life 
history, and  ecology.  Am. Nat. 165: 600–607. 
Kozak,   K.H.  &  Wiens,   J.J.   2007.   Climatic   zonation   drives 
latitudinal variation in speciation mechanisms. Proc. Biol. Sci. 
274: 2995–3003. 
Kozak,  K.H. & Wiens,  J.J.  2010.  Accelerated rates  of climatic- 
niche   evolution underlie  rapid  species  diversification.  Ecol. 
Lett. 13: 1378–1389. 
Liow, L.H., Fortelius, M., Bingham, E., Lintulaakso, K., Mannila, 
H., Flynn, L. et al. 2008. Higher origination and extinction rates 
in larger mammals. Proc. Natl. Acad. Sci. USA 105: 6097–6102. 
Lomolino, M.V.  1985.  Body  size  of  mammals on  islands:  the 
island  rule  reexamined. Am. Nat. 125: 310–316. 
Losos, J.B. & Glor, R.E. 2003. Phylogenetic comparative methods 
and  the  geography of speciation. Trends Ecol. Evol. 18:  220– 
227. 
Lynch,  J.D. 1986.  Origins of the  high  Andean herpetofauna. In: 
High  Altitude  Tropical Biogeography  (F.   Vuilleumier  &  M. 
Monasterio,  eds),   pp.   478–499.    Oxford   University   Press, 
Oxford,  UK. 
Lynch,  J.D. & Duellman, W.E. 1997.  Frogs of the  genus 
Eleutherodactylus  in  western  Ecuador.  Systematics, ecology, 
and  biogeography. Univ. Kans. Mus. Nat. Hist. Spec.  Publ. 23: 
1–236. 
MacArthur,  R.H.  &  Wilson,   E.O.  1967.   The Theory of Island 
Biogeography. Princeton University Press, Princeton, NJ. 
Magallo´ n,  S. & Sanderson, M.J.  2001.  Absolute  diversification 
rates  in angiosperm clades. Evolution 55: 1762–1780. 
Martins, E. & Hansen, T.F. 1997.  Phylogenies and  the  compar- 
ative  method: a general approach to  incorporating phyloge- 
netic  information into  the  analysis  of interspecific data.  Am. 
Nat. 149: 646–667. 
McPeek,  M.A.  2008.  The  ecological  dynamics of clade  diversi- 
fication  and  community assembly.  Am. Nat. 172: E270–E284. 
Mittelbach, G.G.,  Schemske, D.W.,  Cornell,   H.V., Allen,  A.P., 
Brown,   J.M.,   Bush,   M.B.   et al.  2007.   Evolution  and   the 
latitudinal diversity  gradient: speciation, extinction and  bio- 
geography. Ecol. Lett. 10: 315–331. 
Moen,  D.S. & Wiens,  J.J. 2009.  Phylogenetic evidence for 
competitively driven divergence: body-size  evolution in Carib- 
bean  treefrogs  (Hylidae:  Osteopilus). Evolution 63: 195–214. 
Moore,  B.R. & Donoghue, M.J.  2007.  Correlates of diversifica- 
tion  in the  plant  clade  dipsacales:  geographic movement and 
evolutionary innovations. Am. Nat. 170: S28–S55. 
Moritz,  C., Patton, J.L., Schneider, C.J. & Smith,  T.B. 2000. 
Diversification of rainforest faunas:  an integrated molecular 
approach. Annu. Rev. Ecol. Syst. 31: 533–563. 
Moyle,  R.G., Filardi, C.E., Smith,  C.E. & Diamond, J. 2009. 
Explosive  Pleistocene diversification and  hemispheric expan- 
sion of a ‘‘great speciator’’. Proc. Natl. Acad. Sci. USA 106: 1863– 
1868. 
Nee,  S., Mooers,  A. & Harvey,  P.H. 1992.  Tempo  and  mode  of 
evolution revealed from molecular phylogenies. Proc. Natl. 
Acad. Sci. USA 89: 8322–8326. 
Padial, J.M. & De la Riva, I. 2009.  Integrative taxonomy reveals 
cryptic Amazonian species of Pristimantis (Anura). Zool. J. Linn. 
Soc. 155: 97–122. 
Padial, J.M., Chaparro, J.C. & De la Riva, I. 2008. Systematics  of 
Oreobates and the Eleutherodactylus discoidalis species Group 
(Amphibia, Anura) based  on  two  mtDNA genes  and  external 
morphology. Zool. J. Linn. Soc. 152: 737–773. 
Padial,  J.M.,  Castroviejo-Fisher, S. & De la Riva,  I. 2009.  The 
phylogenetic relationships of Yunganastes revisited  (Anura: 
Terrarana). Mol. Phylogenet. Evol. 52: 911–915. 
Patton, J.L. & Smith,  M.F. 1992.  MtDNA phylogeny of Andean 
mice: a test of diversification across ecological gradients. 
Evolution 46: 174–183. 
Pfennig,  K.S. & Pfennig,  D.W. 2005.  Character displacement as 
the  ‘‘best of a bad situation’’: fitness  trade-offs resulting from 
selection to minimize resource and  mate  competition. Evolu- 
tion 59: 2200–2208. 
Phillimore, A. & Price, T.D. 2008.  Density-dependent cladogen- 
esis in birds. PLoS Biol. 6: e71. 
Phillimore, A.B., Freckleton, R.P., Orme,  A.D.L. & Owens, I.P.F. 
2006.  Ecology  predicts  large-scale patterns of phylogenetic 
diversification in birds. Am. Nat. 168: 220–229. 
Price, T. 2008. Speciation in Birds. Roberts, Greenwood Village, CO. 
Purvis,  A.,  Orme,  C.D.L. & Dolphin, K.  2003.  Why  are  most 
species  small-bodied?  A  phylogenetic  view.   Macroecology: 
concepts and consequences. In: British Ecological Society Annual 
Symposia (K.J.  Gaston  & T.M. Blackburn, eds),  pp.  155–173. 
Blackwell  Scientific,  Oxford. 
Rabosky, D.L. 2009a.  Ecological limits on clade diversification in 
higher taxa.  Am. Nat. 173: 662–674. 
Rabosky, D.L. 2009b.  Ecological limits and diversification rate: 
alternative  paradigms  to   explain   the   variation  in   species 
richness  among  clades and  regions.  Ecol. Lett. 12: 735–743. 
Rabosky,  D.L. & Lovette,  I.J.  2008.  Density-dependent  diversi- 
fication  in North  American wood  warblers. Proc. Biol. Sci. 275: 
2363–2371. 
Rahbek, C. 1997.  The  relationship among  area,  elevation and 
regional  species  richness  in  Neotropical birds.  Am. Nat. 149: 
875–902. 
Rambaut, A. & Drummond, A.J. 2007.  Tracer v1.4.  URL http:// 
beast.bio.ed.ac.uk/Tracer. 
Revell,  L.J. 2009.  Size-correction and  principal  components  for 
interspecific comparative studies.  Evolution 63: 3258–3268. 
Ribas, C.C., Moyle,  R.G., Miyaki,  C.Y. & Cracraft,  J. 2007.  The 
assembly   of  montane biotas:  linking   Andean tectonics and 
climatic  oscillations  to independent regimes  of diversification 
in Pionus parrots. Proc. Biol. Sci. 274: 2399–2408. 
Ricklefs, R.E. 2003. Global diversification rates of passerine birds. 
Proc. Biol. Sci. 270: 2285–2291. 
Ricklefs, R.E. 2006. Global variation in the diversification rate of 
passerine birds. Ecology 87: 2468–2478. 
Rosenzweig, M.L. 1978.  Geographical speciation: on  range  size 
and  the  probability of isolate  formation. In: Proceedings of the 
Washington State    University  Conference    on   Biomathematics 
and Biostatistics (D. Wollkind, ed.),  pp.  172–194.  Pullman, 
Washington. 
Rundell, R.J. & Price, T.D. 2009.  Adaptive  radiation, nonadap- 
tive  radiation, ecological  speciation and  nonecological speci- 
ation.  Trends Ecol. Evol. 24: 394–399. 
Schluter, D. 2009.  Evidence  for ecological speciation and its 
alternative. Science 323: 737–740. 
Sepkoski,  J.J. 1998. Rates of speciation in the fossil record.  Philos. 
Trans. R. Soc. Lond.  B Biol. Sci. 353: 315–326. 
Shoemaker, V.H. 1992.  Exchange of water, ions and  respiratory 
gases in terrestrial amphibians. In: Environmental  Physiology of 
the Amphibians  (M.E. Feder  & W.W. Burggren, eds),  pp. 125– 
150. University of Chicago  Press, Chicago. 
Smith,  S.A., Montes  De Oca, A.N., Reeder,  T.W. & Wiens,  J.J. 
2007.   A  phylogenetic  perspective  on   elevational   species 
  
  
 
 
 
richness  patterns in  middle  American treefrogs:  why  so few 
species  in  lowland tropical  rainforests? Evolution 61:  1188– 
1207. 
Stanley, S.M.  1979.  Macroevolution:  Pattern and Process.  W.  H. 
Freeman, San Francisco. 
Stephens, P.R. & Wiens,  J.J.  2003.  Explaining species  richness 
from continents to communities: the time-for-speciation effect 
in emydid  turtles. Am. Nat. 161: 112–128. 
Stuart, S.N., Chanson, J.S.,  Cox, N.A., Young,  B.E., Rodrigues, 
A.S.L.,  Fischman,  D.L.  et al.  2004.   Status   and   trends   of 
amphibian declines   and   extintions  worldwide. Science  306: 
1783–1786. 
Svenning, J.C.,  Borchsenius, F., Bjorholm, S.W.  & Balslev,  H. 
2008.  High tropical  net  diversification drives  the  New  World 
latitudinal  gradient  in   palm   (Arecaceae)  species   richness. 
J. Biogeogr. 35: 394–406. 
Tobias,  J.A.,  Bates,   J.M.,   Hackett,   S.J.  &  Seddon,  N.  2008. 
Comment on  ‘‘The latitudinal gradient in  recent  speciation 
and  extinction rates of birds and  mammals’’. Science 319: 901. 
Vences,  M.  & Ko¨ hler,  J.  2008.  Global  diversity  of amphibians 
(Amphibia) in freshwater. Hydrobiologia 595: 569–580. 
Vences, M., Wollenberg, K., Vieites, D. & Lees, D. 2009. 
Madagascar as a model  region  of species diversification. Trends 
Ecol. Evol. 24: 456–465. 
Weir, J.T. 2006.  Divergent timing  and  patterns of species 
accumulation in lowland and highland neotropical birds. 
Evolution 60: 842–855. 
Weir, J.T. & Schluter, D. 2007. The latitudinal gradient in recent 
speciation and  extinction rates  of birds and  mammals. Science 
315: 1574–1576. 
Wertheim, J.O. & Sanderson, M.J. 2011.  Estimating diversifica- 
tion rates: how useful are divergence times? Evolution 65: 309– 
320. 
Wiens,  J.J. 2007.  Global patterns of species richness  and 
diversification in amphibians. Am. Nat. 170: S86–S106. 
Wiens,  J.J.  & Donoghue, M.J.  2004.  Historical  biogeography, 
ecology  and  species richness. Trends Ecol. Evol. 19: 639–644. 
Wiens,  J.J.,  Graham, C.H., Moen,  D.S., Smith,  S.A. & Reeder, 
T.W. 2006.  Evolutionary and  ecological  causes  of the  latitu- 
dinal  diversity  gradient in  hylid  frogs: treefrog  trees  unearth 
the  roots  of high  tropical  diversity.  Am. Nat. 168: 579–596. 
Wiens,   J.J.,   Parra-Olea,  G.,  Garcı´a-Parı´s,   M.  &  Wake,   D.B. 
2007.  Phylogenetic history  underlies elevational patterns  of 
biodiversity in tropical  salamanders. Proc. Biol. Sci. 274:  919– 
928. 
Wiens,  J.J.,  Sukumaran, J.,  Pyron,  R.A. & Brown,  R.M.  2009. 
Evolutionary and biogeographic origins of high  tropical  diver- 
sity in Old World frogs (Ranidae). Evolution 63: 1217–1231. 
Wollenberg, C., Vieites, D., Van Der Meijden, A., Glaw, F., 
Cannatella, D. & Vences, M. 2008.  Patterns of endemism and 
species  richness  in  Malagasy  Cophyline frogs  support a  key 
role of mountainous areas  for speciation. Evolution 62: 1890– 
1907. 
 
 
Supporting information 
 
Additional Supporting Information may  be found  in the 
online version  of this article: 
Figure S1  Partial  regression graph  of  the  relationship 
between total   clade  richness   (W)  and  log-transformed 
range  size within the  minimum adequate model. 
Table S1  Extrinsic  and  intrinsic variables   for  different 
clades used  for comparative phylogenetic analyses. 
Table S2 Recognized  number of species per clade,  clade 
age, diversification rate [Log(species richness) ⁄ clade age], 
and  product of  moment  estimator (with   s = 0.45)   for 
different clades. 
Table  S3  Minimum  adequate  model   using   method- 
of-moments estimator as  the  dependent variable   (R2  = 
0.63). 
Appendix S1 Variable description, rationale for variable 
choice  and  variable  coding,  and  datamatrixs for compar- 
ative  phylogenetic analyses. 
As a service to our authors and readers, this journal 
provides  supporting information supplied by the authors. 
Such  materials are  peer-reviewed and  may  be re- 
organized for  online delivery, but  are  not  copy-edited 
or typeset. Technical  support issues arising from support- 
ing  information (other than missing  files)  should  be 
addressed to the  authors. 
 
Received  8 November  2010; revised  14 January 2011; accepted  27 
January 2011 
